Abstract Determining the relationship between ocean floor basalt alteration and sedimentation is fundamental to understanding how oceanic crust evolves with time. Ocean floor basalts recovered at IODP Sites U1365 (100 Ma) and U1368 (13.5 Ma) in the South Pacific have been subjected to remarkably low sedimentation rates (0.71 and 1.1 m/Myr 21 , respectively). We report detailed petrographic and geochemical analysis of basalt cores from these sites in order to investigate what impact sediment insulation has on seafloor alteration beyond 10-15 Myr of ocean crust formation. Both sites exhibit low-temperature (<150 C) alteration (e.g., iron-hydroxides, carbonate, and quartz) within a predominantly oxidative regime, albeit with markedly different alteration styles and intensity. Alteration at Site U1365, which is predominantly composed of sheet flows, occurs mainly near sheet flow boundaries and fractures. In contrast, Site U1368 comprises interlayered pillows and thin sheet flows that have been subjected to relatively even levels of alteration. Variation of alteration style and intensity between Sites U1365 and U1368 appear closely tied to lithology and crustal structure. Although alteration-induced elemental changes at both sites are similar in, e.g., increasing K, Rb, U, Ba, and Fe 31 and decreasing Fe 21 , Ca, and Ni, they show distinct differences in Th, which is significantly decreased at Site U1365 but relatively constant at Site U1368. At both sites enrichment of LREEs relative to HREEs is ascribed to alteration. The greater vein abundance and notably higher Fe 31 /TiO 2 , K 2 O/TiO 2 , LOI/TiO 2 , and Rb/TiO 2 ratios of representative samples at Site U1365 compared to Site U1368 are attributed to increased alteration intensity. This is mirrored by greater overall chemical change (Fe 2 O 3 , FeO, CaO, K 2 O, Li, Rb, Pb, and U) observed at Site U1365 than those of Site U1368 and other DSDP/ODP sites between 6 and 46 Ma. Since both Sites U1365 and U1368 endured only minimal sedimentation, we attribute the differences in overall chemical change across the two sites to duration of exposure to seawater.
Introduction
Seawater circulation and subsequent alteration of ocean crust play important roles in chemical exchange between the hydrosphere and lithosphere [e.g., Staudigel and Hart, 1983; Alt and Teagle, 2003; Paul et al., 2006] and has a profound influence on arc volcanics and mantle composition through subduction [e.g., Hauff et al., 2003] . A wealth of research has been dedicated to constraining when ocean floor basalt alteration ceases and what factors are involved.
Petrographic relationships and radiometric dating of secondary mineral assemblages at young sites suggest that most basement alteration takes place within 10-15 Myr after crustal formation [e.g., Staudigel et al., 1981a; Richardson et al., 1980; Thompson, 1983; Staudigel et al., 1986] . In addition, comparisons between old (e.g., 162Ma ODP Site 801) and young (e.g., 6Ma ODP Site 504B) ocean crust suggest that most alteration is complete within several million years of crust formation [e.g., Alt et al., 1992; Alt and Teagle, 2003; Talbi and Honnorez, 2003; Hauff et al., 2003] . Furthermore, observed peaks in seismic velocity in 8-10 Ma crust [Grevemeyer et al., 1999] and maturity in P wave velocity in 10 Ma upper oceanic crust [e.g., Nedimović et al., 2008] are both interpreted to represent the cessation of major hydrothermal circulation in ocean crust by precipitation of secondary minerals filling nearly all voids. Similarly, observations of heat flow models imply that precipitation of secondary minerals effectively seal the crust, leading to reduced fluid flow and, therefore, reduced hydrothermal cooling [e.g., Gillis and Robinson, 1988; Grevemeyer et al., 1999; Jarrard et al., 2003 ]. This process is thought to be enhanced by sediment blanketing [Rohr, 1994; Nedimović et al., 2008] . Indeed, many researchers ascribe early cessation of ridge flank hydrothermal activity to rapid sedimentary burial [e.g., Lister, 1972; Anderson and Hobart, 1976; Jacobson, 1992; Alt and Teagle, 2003] .
Despite considerable evidence to suggest that the majority of alteration is complete within 15 Ma, age dating of secondary minerals and mineralogical studies in some DSDP/ODP sites indicate continued fluid flow in oceanic crust much older than 10-15 Ma [e.g., Hart and Staudigel, 1986; Burns et al., 1992; Talbi and Honnorez, 2003] . Stein and Stein [1994] attribute the discrepancy between the global modeled and measured heat flows in 50 Ma global ocean crust to hydrothermal fluid flow. More recent estimates suggest that hydrothermal circulation takes place in oceanic crust in excess of 60-65 Ma [Johnson and Pruis, 2003; Hasterok et al., 2011] . Furthermore, Jarrard et al. [2003] suggest on the basis of studies on changes in matrix density of ODP basement cores that crustal alteration continues, although at a decreasing rate, throughout the life of the ocean crust.
Since all previous DSDP/ODP/IODP basement cores of ocean crust were located in areas with sedimentary rates >4 m/Ma [Johnson and Pruis, 2003] , it has been difficult to estimate how sediment blanketing affects alteration in ocean crust through time. Furthermore, questions remain regarding the roles of lithology, crustal structure, and local heterogeneities (e.g., topography) in controlling the style, duration, and intensity of low-temperature alteration in upper oceanic crust. How sediment is distributed on the ocean floor is thought to influence fluid circulation in underlying ocean crust [e.g., Snelgrove and Forster, 1996; Giambalvo et al., 2000] . Selective extraction and fluid flow may be facilitated by conduits at topographic highs, e.g., seamounts [e.g., Wheat and Mottl, 2000; Fisher et al., 2003a Fisher et al., , 2003b Hutnak et al., 2008] . IODP Sites U1365 (100 Ma) and U1368 (13.5 Ma) offer a unique opportunity to study how lithology and structure affect low-temperature alteration of upper oceanic crust. Both sites are located within the South Pacific Gyre (Figure 1 ) [D'Hondt et al., 2011] , a region where low productivity over tens of millions of years has led to ultralow-average sedimentary burial rates of between 0.1 and 1 m/Ma, among the world's lowest [D'Hondt et al., 2009] . In this study, we use visual core description and major and trace element data of basalts from the South Pacific Gyre to investigate the structural controls on alteration and its timing. Our comparison of alteration at Sites U1365 and U1368 with those of other drill sites provides new insight on the relative role of sediment blanketing and ocean crust structure in controlling the style, intensity, and duration of alteration in upper ocean crust. Characteristics of crustal alteration at Site U1365 are also important for understanding the composition of upper oceanic crust subducting into the southwest Pacific subduction zone.
Geological Setting and Sampling
Site U1365 is located in the western margin of the South Pacific Gyre, 800 km to the east of the TongaKermadec trench (Figure 1) . The crust at Site U1365 was accreted during the Cretaceous Superchron (84-120 Ma) from the Osbourn trough with a medium to fast spreading rate [Zhang et al., 2012] . However, the basement age and spreading rate at Site U1365 are poorly constrained. Site U1365 is located in an area with relatively smooth topography with an abyssal hill spacing of 5-8 km. Three nearby seamounts with a maximum relief of 400 m border the area. Basement at Site U1365 is covered by 71 m thick sediment, and assuming a formation age of 84-120 Ma, we derive an average sedimentation rate of 0.71 (60.12) m/Myr. A lack of biostratigraphic data precludes a more detailed description of the sedimentary burial history at Site U1365.
Site U1368 is located in the center of the South Pacific Gyre, 3000 km to the west of the EPR at 25 S (Figure 1) . The crust at Site U1368 was accreted from the EPR during Magnetic Chron 5ABn, indicating a crustal age range of 13.4-13.6 Ma. According to the NUVEL-1 model [Argus and Gordon, 1991] , Site U1368 has a full spreading rate of 160 mm/yr. Basement at Site U1368 is overlain by 15 m of sediment with an average accumulation rate of 1.1 m/Myr. Like Site U1365, it is located in an area of smooth topography and bordered by several seamounts (500 m high). 3. Methods
Petrographic Description
Primary igneous texture, composition, and alteration of recovered basalt, including classification of lithologic units (Figure 2 ), alteration color, vesicle filling, and vein distribution (vein shape, thickness, and mineral fillings) were described in detail. Secondary mineral assemblages were determined by thin section observation, macroscopic observation, and XRD analyses. In this study, at least one thin section was made for each sample from Sites U1365 and U1368. Textures, secondary mineral proportions, and other alteration characteristics (e.g., color, vesicles, and veins) for each sample were determined using a petrographic microscope.
Bulk Rock Major and Trace Elements
For a comprehensive analysis of all alteration types, we selected 58 basalt samples from Site U1365 and 62 samples from Site U1368 (see Figure 2 for location within recovered basement), including samples from Zhang et al. [2012 Zhang et al. [ , 2013 . Prior to powdering and dissolution of samples for bulk rock analyses, samples were carefully selected to avoid veins. Where necessary, veins were removed by grinding.
Major elements and Cr, Sr, and V were analyzed on fused glass discs with an Axios sequential X-Ray Fluorescence Spectrometer at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). Trace elements were analyzed by ICP-MS (Agilent 7500) using In, Rh, and Re as internal standards at Peking University. Detailed procedures and accuracy of the analytical results are shown in supporting information. Staudigel et al., 1981a Staudigel et al., , 1981b Alt and Honnorez, 1984; Alt et al., 1996; Laverne et al., 1996; Paul et al., 2006] .
Based on surface area measurement on the intersecting surface of the split cores alteration halos occupy 12% of the recovered core. By cross-referencing our macroscopic observations of color with secondary mineral identification within halos by thin section observation, we estimate the abundances of each halo type (color) and their dominant secondary mineralogy as follows: dark green to dark gray (celadonite): 1.9%, green to brown/orange (saponite): 5.1%, red to brown (Fe-oxyhydroxides): 3.5%, and complex (multiple mineral phases): 2%. Alteration extent is typically greatest within green to brown and red-brown halos which exhibit 8%-20% replacement whereas alteration in dark green to dark gray halos is slight (2%-5%). abundance) saponite, Fe-oxyhydroxides, calcium carbonate, celadonite, zeolite, quartz, and rare sulfides, which is similar, albeit in lower abundances, to Site U1365. The majority of alteration at Site U1368 consists of groundmass replacement (1-10% by volume) within discrete patches and vein-flanking halos.
We apply the same method used for Site U1365 to estimate halo type and abundances in Site U1368. Halos comprise 8.4% of Site U1368 basalt core, including (with % of recovered core): (1) Green-brown, saponitedominant (6%); (2) complex, composed of two or more overlapping secondary mineral assemblages (1.2%); (3) dark green, with celadonite (1%); and (4) red-brown, Fe-oxyhydroxide-rich (0.2%). Alteration extent within halos is typically slight (2-10% replacement) though less common red-brown halos exhibit 5-15% replacement. Halos are most abundant in Cores U1368F-2R, 3R, and 12R to 14R.
Vesicles occur in all igneous units and range from <0.1% to 10% (average 0.5%) in abundance. Vesicles are typically empty to partially filled with secondary minerals, including celadonite, Fe-oxyhydroxides, saponite, zeolites, silicates, and calcium carbonate. Zeolite-filled vesicles occur within Cores U1368F-2R and 3R only. Breccia recovered at interval U1368F-14R-1, 43-150 cm (97 msb) comprises clasts composed of angular glass fragments with rims that are variably altered to saponite rims (90% of clasts) and basalt fragments (10% of clasts) with quartz cement. It is defined as a volcaniclastic hyaloclastite and interpreted to represent a collapse breccia [D'Hondt et al., 2011] . Overall 1% of the recovered core comprises veins and breccia.
At Site U1368, celadonite is observed as the earliest phase. Fe-oxyhydroxides appear to have coprecipitated with celadonite, but also overprinted celadonite. Saponite overprints celadonite and Feoxyhydroxides, which in turn is overprinted/crosscut by late stage calcium carbonate veins, silicates, and zeolites. For secondary sulfides, no crosscutting relationships or overprinting was observed; however, the overall order of secondary mineral emplacement is similar to the filling order observed within vesicles at Site U1365. At Site U1368, alteration intensity at both pillow lavas and sheet flows is observed to decrease away from chilled margins and flow boundaries; however, the extreme contrasts between alteration at fluid/rock interaction zones observed at Site U1365 are largely absent from Site U1368.
Veins
Site U1365 basement contains on average 14.1 veins/metre. They are typically subhorizontal, and range from 0.1 to 15 mm thick. In order of abundance veins are composed of carbonate (1%), celadonite (0.5%), saponite (0.18%), Fe-oxyhydroxides (0.18%), quartz (0.04%), and pyrite (0.01%), and they collectively make up 2% of the recovered core. The order of vein filling, as determined by crosscutting relationships is as follows: celadonite, Fe-oxyhydroxides, saponite, and finally calcium carbonate, which is typical for upper basement sites [e.g., Staudigel et al., 1981a Staudigel et al., , 1981b Alt and Honnorez, 1984; Alt et al., 1996; Laverne et al., 1996; Paul et al., 2006] . Zeolite and quartz are associated with calcium carbonate only, which implies formation during or after calcium carbonate precipitation. Many veins exhibit multiple episodes of calcium carbonate infill.
At Site U1368, we report an average vein abundance of nine veins/meter and range from <0.1-4 mm in thickness. Secondary minerals that form veins at Site U1368 include, in order of abundance, saponite (0.34%), Fe-oxyhydroxides (0.13%), quartz (0.12%), celadonite (0.08%), calcium carbonate (<0.01%), and minor phases (unidentified clays, chalcedony, zeolite, and secondary sulfides). Veins collectively make up 0.6% of the recovered core. Though secondary mineral phases within veins are similar to Site U1365, overall volumes are much lower at Site U1368. Unlike Site U1365, carbonate and celadonite are relatively minor phases at Site U1368. The order of vein filling as observed by crosscutting relationships suggests early and contemporaneous formation of celadonite and iron-oxyhydroxides, followed by saponite and late stage calcium carbonate. Vein filling minerals at Site U1368 are indicative of a low-temperature environment [e.g., Hart, 1970; B€ ohlke et al., 1980; Alt et al., 1992; Pichler et al., 1999] .
Data for veins (vein abundance, vein, and halos thicknesses) were normalized to the amount of material recovered (supporting information Table S1 ) and are shown in Figure 3 . Site U1365 veins are generally thicker and contain a significantly higher abundance of carbonate, saponite, celadonite, and pyrite veins than Site U1368.
Bulk Rock Chemistry
Major and trace element data for representative samples of Sites U1365 and U1368 are shown in Table 1 (for all data, see supporting information Table S2 ). Downhole elemental variations of Site U1365 and U1368 basalts are shown in Figure S1 . Comparing the least altered samples from each site, we find that Site U1365 MgO concentrations are high, while Fe 2 O 3 and SiO 2 are low compared to Site U1368, indicating lower differentiation degrees for Site U1365 lavas. Downhole variations for fluid-immobile elements, such as Ti, P, Zr, La, Lu, and Hf, are similar across both sites, though overall concentrations for Site U1365 are lower than those for Site U1368 ( Figure S1 ). Measured concentrations of fluid mobile elements, such as K, Ca, and Ba [e.g., Alt et al., 1992; Pichler et al., 1999; Talbi and Honnorez, 2003; Schramm et al., 2005] , exhibit a greater range in concentration at Site U1365 than Site U1368. For both sites, U/Pb ratios of many samples reach the requirement for a HIMU mantle end-member [e.g., Sun and McDonough, 1989] .
5. Discussion
Alteration-Induced Element Transport
Secondary mineral percentages from petrographic observation (supporting information Table S3 ) versus bulk rock major and trace elements and LOI (Figure 4 ) are used to assess the link between elemental change and alteration. At Sites U1365 and U1368, K 2 O and Rb are elevated with increasing alteration (total secondary mineral percentage). This relationship is typical of low-temperature (<150 C) alteration of upper oceanic crust [e.g., Hart and Staudigel, 1982; Bach et al., 2001; Schramm et al., 2005] due to the formation of K-bearing clay minerals, e.g., celadonite and saponite [Alt et al., 1992; Pichler et al., 1999; Talbi and Honnorez, 2003] . Basalts at Site U1365 show a general trend of increasing Ba and U with increased alteration. However at Site U1368, this trend is not clear which may be explained by the comparatively higher abundances of K 2 O, Ba, Rb, and U in the least altered samples at Site U1368 compared to least altered Site U1365 samples Geochemistry, Geophysics, Geosystems ( Figure 4) . At Site U1365, the wide range and positive trends of K 2 O, Ba, Rb, and U versus total secondary mineral percentage are consistent with intensive and focused alteration. Relatively impermeable lava flows at U1365 appear to have inhibited fluid flow and subsequent alteration of flow interiors. Lower concentrations of K 2 O, Ba, Rb and U and weaker trends between these elements and secondary mineral percentages, and minimal variation in concentration with depth at Site U1368 point to less intense, albeit more pervasive alteration. This may relate to the high proportion of permeable pillow lavas at U1368 facilitating open, cold seawater circulation.
The positive trend between Ba and alteration ( Figure 4b ) at Site U1365 is likely the result of Ba incorporation into secondary calcium carbonate from seawater. This contrasts with no clear trend between observed Ba versus secondary mineral percentage at Site U1368 (Figure 4b ), where calcium carbonate is very rare (Table  S3) . Differences in % ferric iron (Fe 2 O 3 ) in least altered U1368 basalts may relate to incompatibility in the magmatic processes before the initiation of magnetite crystallization; however, Figure 4c demonstrates a strong link between Fe 2 O 3 and alteration at both Sites U1365 and U1368, which indicates an oxidative alteration regime. This is supported by elevated K 2 O, U, and LOI, which are likely the result of clay mineral precipitation, into which K, U, and H 2 O are incorporated [e.g., Bach et al., 2001; Kurnosov et al., 2008] . Decomposition of primary mineralogy (e.g., plagioclase) offers an explanation for the decrease in CaO with alteration observed in Figure 4e . Given that our samples avoided veins, the rarity of carbonate within groundmass, and the presence of veins, it seems likely that Ca was redistributed into calcium carbonate within veins.
To quantify elemental changes associated with alteration, we selected 15 and 14 altered and fresh sample pairs from Sites U1365 and U1368, respectively (Table S2) . Sample pairs were subsampled from either an individual piece or from within the same lithologic unit. Pairs include dark gray to gray background (''fresh''), red-brown, greenish brown, dark green, and complex alteration (''altered''). To monitor and account for density changes associated with alteration, we use TiO 2 for normalization since it is relatively fluid-immobile during seafloor alteration [e.g., Bach et al., 2001; Paul et al., 2006] . To indicate the alteration-induced change we use the ratio of (C x /C Ti ) A /(C x /C Ti ) F , where C x and C Ti indicate the concentrations of element ''x'' and TiO 2 and subscripts '' A '' and '' F '' indicate the C x /C Ti ratios in altered and fresh samples, respectively. Ratios of (C x /C Ti ) A /(C x /C Ti ) F for Site U1365 and U1368 sample pairs are shown in supporting information Table S4 and plotted in Figure 5 . The most prominent changes for both sites are alteration-induced increases in alkalis (Cs, Rb, K, and Li), Fe 2 O 3 , Be, LOI, Pb, and Ba and decreases in CaO, MgO, Na 2 O, FeO, Co, Ni, and Cd. The changes of total iron (TFe 2 O 3 ) are not obvious relative to the dramatic increases of ferric iron (Fe 2 O 3 ) and decreases of ferrous iron (FeO). These changes are consistent with our petrographic and geochemical observations of oxidative alteration. Increased K and decreased MgO are consistent with elemental changes caused by seafloor alteration at low temperatures, which are related to clay mineral precipitation and alteration of primary mineralogy including plagioclase and olivine. Nb, Zr, and Hf remain immobile, with no significant change observed. A lack of noticeable change in Sr concentration ( Figure 5 ) suggests that Sr exchange during interactions between seawater and basalt may have taken place, countering the suggestion that through alteration ocean crust is a sink for Sr [Kawahata et al., 1987; Krolikowska-Ciaglo et al., 2005] .
Red/brown alteration accounts for 3.5% of recovered cores at Site U1365 and represents the strongest increases in K, Cs, Rb, Li, Be, Ba, U, Fe 2 O 3 , and LOI, and the strongest decreases in SiO 2 , MgO, CaO, Na 2 O, FeO, and Y ( Figure 5 ). In addition, La is increased, yet Ce to Lu are decreased in Red/brown alteration halos, implying fractionation of La from other REEs during oxidative alteration. Within red/brown halos Th at Site U1365 is strongly depleted relative to REEs, much stronger than in previous research [e.g., Bienvenu et al., 1990; Ma et al., 2007] . Based on comparison of the concentrations of seawater K, Rb, and Ca with those observed within brown/red halos at Site U1365, we estimate water-rock ratios of 150, 350, and 2000, respectively. These high water/rock ratios, combined with their proximity to veins, fractures, and lava flow boundaries suggest that Site U1365 red/brown halos formed in zones of high, focused fluid flow. Due to the scarcity of red/brown alteration at Site U1368 (0.2% of recovered core), only one sample pair of red/brown alteration was suitable for chemical change calculations. Changes at Site U1368 are broadly similar to those of Site U1365 ( Figure 5) ; however, no significant change of CaO, Be, Y, and REEs was observed.
Greenish brown alteration at both Sites U1365 and U1368 exhibit increases in LOI, K, Li, Rb, Cs, Ba, and U and decreases in Cd and Th. However, unlike red-brown alteration, significant changes of SiO 2 , MgO, Na 2 O, CaO, Y, Be, and REEs are not observed. Slight increases of LREEs relative to HREEs observed at Site U1368 (Figure 5d ) appear unique to greenish brown halos.
Dark green alteration at Sites U1365 and U1368 are similar to those of the greenish brown alteration for most elements ( Figure 5 ) with relatively modest changes compared to the red/brown alteration flanking veins. Complex alteration exhibits the least chemical change compared to other halo types at the both sites, especially for alkalis and LOI, indicating low water/rock ratios.
Downhole Alteration and Whole Site Elemental Changes
To understand how the alteration-induced elemental changes vary downhole at Sites U1365 and U1368, we have normalized alteration-sensitive elements Fe, Ba, Rb, Ca, K, and LOI to TiO 2 and plotted their variations downhole ( Figure 6 ). Despite differences in primary evolution (see earlier discussion), the least altered samples exhibit minimal downhole variation in Fe 2 O 3 /TiO 2 , K 2 O/TiO 2 , LOI, Rb/TiO 2 , Cs/TiO 2 , and Ba/TiO 2 . The most prominent difference between ratios of fresh and altered samples occurs between 20 and 40 msb at Site U1365 (Figure 6 ), which coincides with a high degree of fracturing/veins (Figure 3 ) along a lava flow boundary, including the recovery of a basalt breccia and hyaloclastite breccia at 36 msb. The extent of alteration and chemical change at the 20-40 msb interval imply extensive fluid-rock interaction. At the 20-40 msb interval, the lack of correspondence between core recovery (82-99%), vein/fracture density, or element/TiO 2 peaks suggests that the abundant veins/fractures and strong elemental changes at this interval are not an artifact of variable recovery. We note that despite pockets of very high alteration, many samples at Site U1365 have very low Fe 2 O 3 /TiO 2 , K 2 O/TiO 2 , LOI, Rb/TiO 2 , Cs/TiO 2 , and Ba/TiO 2 ratios, supporting petrographic observations that much of Site U1365 basement is relatively fresh and that alteration is concentrated at flow boundaries.
At Site U1368, alteration-induced chemical changes are low compared to Site U1365. K 2 O/TiO 2 , LOI, and Ba/ TiO 2 are most elevated at the uppermost 5 m of basement; however, no other trends were observed for Site U1368 which suggests that alteration, though limited, was pervasive throughout Site U1368 basement.
To quantify the differences in alteration between Sites U1365 and U1368 within whole rocks, we calculate elemental change caused by water-rock interactions using the Gresens [1967] method as modified by Grant [1986] as follows:
where DC i is the concentration change of element i, C To determine whole site chemical change at Sites U1368 and U1365 (Table 2) , averages of chemical change observed in each alteration style were weighted according to their abundance. Sites U1365 and U1368 exhibit prominent gains of TFe 2 O 3 , K 2 O, Fe 2 O 3 , Li, Rb, Cs, and U, and losses of MgO, CaO, and FeO. One notable difference between the two sites is a gain in Ba at Site U1365 while at Site U1368 Ba is lost. The difference in Ba may reflect differences in calcium carbonate, in which the relatively low abundance of calcium carbonate at Site U1368 may limit Ba uptake. In contrast, the abundance of carbonate at Site U1365 provides a sink for Ba. With the exception of La, we observe a small depletion of REE and Y at Site U1365 (Table 2) .
When we compare the total chemical changes of representative elements between Sites U1365 and U1368 (Figure 7) , we observe larger increases in TFe 2 O 3 , Fe 2 O 3 , CaO, K 2 O, Li, Rb, Ba, Pb, and U, and larger losses of FeO at Site U1365 than those at Site U1368. When compared with Site U1368 (13.5 Ma), DSDP 504B (5.9 Ma), DSDP 896 (6 Ma), and ODP 1224 (46 Ma) (Figure 7 ), Site U1365 exhibits the highest increase in K 2 O and highest decrease in CaO, reflecting precipitation of clay minerals and breakdown of primary Ca-bearing mineralogy. Increases of Fe 2 O 3 and decreases of FeO at Sites U1365 and U1368 reflect oxidation of FeO, while the elevated total Fe 2 O 3 (TFe 2 O 3 ) could have been derived from flowing fluids [e.g., Mills and Dunk, 2010; Bach et al., 2003] .
Factors Controlling Alteration
The difference in alteration intensity and chemical change between Sites U1365 and U1368 requires consideration of how crustal structure, local heterogeneity, and sediment blanketing and time may be contributing to the overall style and intensity of alteration in seafloor basalts.
Crustal Structure and Local Heterogeneity
Spreading rate is thought to result in fundamental differences in ocean crust structure, lithology, and subsequently, variations in permeability and porosity facilitating hydrothermal alteration [e.g., Fisher, 1998; Alt and Teagle, 2003; Alt et al., 2010] . Sheet lava flows at Site U1365 may act as relatively impermeable boundaries that help focus alteration into zones between each flow. In contrast, recovered ocean crust at Site U1368 comprises 50% pillow lavas, and thin flows, we would therefore expect grater permeability and more even distribution of alteration. Alteration-induced elemental changes for Site U1365 such as K, Rb, Li, Ba, and U, mirror petrographic results in that the greatest chemical changes are focused between flows, while minimal chemical exchange takes place within flows. The most intensively altered section and the greatest chemical exchange and vein density was observed at 20-40 msb, which might reflect a local heterogeneity in structure controlled fluid flow. The presence of a localized zone of alteration at Site U1365 Alt et al. [1996] .
suggests that focusing of fluid flow along lava flow boundaries depends on local variability in crustal fracturing and channel connectivity.
In contrast, chemical changes at Site U1368 are less pronounced, but more pervasive, which suggests that the permeability of U1368 pillow lavas has facilitated cold seawater circulation throughout upper basement. We also note that where lava flows are recovered at Site U1368, there are correspondingly lower degrees of chemical change and mineral replacement, indicating that lithology still plays a strong control on alteration. We note that the relatively young age of Site U1368, limiting overall exposure time, could have contributed to the observed low alteration. In contrast, at 100 Ma Site U1365 the formation of new cracks, and reopening of existing cracks over time, as is evident from multiple calcium carbonate vein filling episodes, suggests several episodes of seawater circulation over time, potentially aided by a lack of sediment cover.
Sediment Blanketing and Time
Previous research indicates that sediment blanketing controls communication between the oceans and fluids within the crust [Lister, 1972; Anderson and Hobart, 1976; Jacobson, 1992; Kurnosov et al., 2008] . Experiments by Spinelli et al. [2004] on typical seafloor sediments demonstrate a fivefold increase in hydraulic impedance when sediment thickness increases from 10 to 100 m. The relationship between hydraulic impedance and sediment thickness suggests that fluid flow into basement is at least in part controlled by sediment thickness, and, therefore controlled by basement topography [Snelgrove and Forster, 1996; Giambalvo et al., 2000] . Sites U1365 and U1368 are located on a flat ocean floor surrounded by several seamounts [D'Hondt et al., 2011] . Thus, both sites may be a location for fluid downwelling, in which their respective sediment thicknesses will exert relatively small hydraulic impedances compared to more thickly sedimented sites. Therefore, both sites are likely to be relatively exposed to seawater. As discussed earlier, evidence for continued oxygenated fluid flow into basement comes from multiple episodes of calcium carbonate precipitation. In addition, optode and electrode measurements at Sites U1365 and U1368 record dissolved oxygen throughout sediment [D'Hondt et al., 2011] . The wide spread of red/brown alteration at Site U1365 supports the hypothesis that thin sediment cover facilitated long term seawater-derived oxidative fluid circulation. However, the rare occurrence of saponite and minor sulfides at Site U1365 and U1368 suggest that, despite strong evidence for continued alteration, localized nonoxidative zones are present. These reflect local compositional heterogeneities in fluid evolution. In contrast to Sites U1365 and U1368, drilled basement sites that have endured rapid sedimentary burial and consequently have thick sediment cover (e.g., 332B, 504B, 483, 469, 756D, and 801C) have alteration assemblages consistent with restricted fluid flow and limited oxidative phases [Kurnosov et al., 2008] .
Conclusions
Ocean crust from IODP Sites U1365 (100 Ma) and U1368 (13.5 Ma), having endured some of the lowest sedimentation rates on earth, provide a useful means to test the variables that may be controlling alteration of ocean crust. Alteration of cores from Site U1365, which are composed of sheet lava flows, is focused near flow boundaries and interflow fissures (veins). Alteration at Site U1368, which is composed of a more common arrangement of pillow lavas and sheet flows, is pervasive albeit slight. Secondary mineral phases include celadonite, Fe-oxyhydroxides, saponite, rare quartz, and sulfides, and late stage zeolite and carbonates. These minerals indicate oxidative water/rock interaction at low temperature, accompanied by localized patches where reducing conditions associated with restricted access to oxidative seawater have lead to the formation of saponite, pyrite, and chalcopyrite. Carbonates are wide spread at Site U1365 with multiple episodes of precipitation, but rare at Site U1368 which remains relatively young.
In whole rocks only (no veins/breccia) chemical changes at Site U1365 exhibit larger increases of Fe 2 O 3 , K 2 O, Li, Rb, Ba, Pb, and U, and losses of FeO and CaO than those at Site U1368. The red/brown alteration at Site U1365 has the strongest elemental changes and even caused decreases in Y and REEs (except for La).
Despite the high likelihood of low permeability and low porosity of sheet flows at Site U1365, the calculated total elemental changes, e.g., K, Rb, Li, Ba, and U are significantly higher than those at Site U1368. These results suggest that in addition to crustal structure (focusing of alteration between lava flows), other factors must be contributing to the differences in alteration. The presence of oxygenized seawater at the bottom sediment of Sites U1365 and U1368 suggests that ultralow sedimentation may facilitate continued basement alteration well beyond 10-15 Myr after crustal formation.
